We have isolated a UV-induced temperature-sensitive mutant of Mycobacterium smegmatis that fails to grow at 42°C and exhibits a filamentous phenotype following incubation at the nonpermissive temperature, reminiscent of a defect in cell division. Complementation of this mutant with an M. smegmatis genomic library and subsequent subcloning reveal that the defect lies within the M. smegmatis dnaG gene encoding DNA primase. Sequence analysis of the mutant dnaG allele reveals a substitution of proline for alanine at position 496. Thus, dnaG is an essential gene in M. smegmatis, and DNA replication and cell division are coupled processes in this species. Characterization of the sequences flanking the M. smegmatis dnaG gene shows that it is not part of the highly conserved macromolecular synthesis operon present in other eubacterial species but is part of an operon with a dgt gene encoding dGTPase. The organization of this operon is conserved in Mycobacterium tuberculosis and Mycobacterium leprae, suggesting that regulation of DNA replication, transcription, and translation may be coordinated differently in the mycobacteria than in other bacteria.
Mycobacteria are distinct from other organisms due to several unique physical characteristics. One of these characteristics is a thick, mycolic acid-rich cell wall which differs substantially from those of gram-negative and gram-positive organisms (6) . The second striking feature is an extremely low growth rate. Mycobacteria can be classified broadly into two groups based on growth rate; fast-growing species such as Mycobacterium smegmatis have a doubling time of 3 to 4 h, while slowgrowing species such as Mycobacterium tuberculosis have a doubling time of 24 h (53) . Mycobacterium leprae has an even slower doubling time, determined to be 13 days in mice (23, 24) . The vast majority of pathogenic strains are slow growing, while the fast-growing strains are mostly nonpathogenic, saprophytic organisms. Even the fast-growing mycobacterial species have doubling times which are six times slower than that of the well-characterized Escherichia coli under similar conditions. Thus, it is likely that physiological processes such as DNA replication, transcription, and cell division are regulated differently in these unusually slow-growing microorganisms. Specifically, DNA replication and cell division have been shown to be linked in many other prokaryotes through the characterization of DNA replication mutants. The dnaG-encoded primase has been shown to be an essential DNA replication protein in E. coli, and mutants in primase often exhibit a filamentous phenotype indicative of the linkage between DNA replication and cell division (52) .
The characterization of temperature-sensitive E. coli mutants has provided a wealth of knowledge about the essential role of the dnaG-encoded primase in the process of DNA replication in E. coli. In E. coli, the dnaG gene has been shown to lie in an operon at 67 min, consisting of the genes rpsU, dnaG, and rpoD (9, 29, 30) . The dnaG gene encodes the primase protein, an essential enzyme that recognizes specific nucleotide sequences and then synthesizes small primer RNAs which act as a substrate for the initiation of DNA replication (5, 21, 48) . The rpoD gene codes for the subunit of the RNA polymerase and is responsible for recognition of the promoter sequences and the subsequent initiation of transcription (9, 54) . The rpsU gene encodes the S21 protein which enables the 3Ј end of the 16S rRNA to recognize the ribosome binding site (41) . A number of regulatory features have been identified in this operon, including seven promoters, two transcriptional terminators, the nut equivalent pN-like binding site, and a potential LexA binding site (9, 25, 26, 28, 30, 42) . The inclusion of genes involved in regulating the initiation of synthesis of the major informational macromolecules of the cell prompted researchers to name this operon the macromolecular synthesis operon (26) .
This gene organization suggests that under certain physiological conditions there may be a need for coregulation of the expression of major macromolecules in the cell (26, 30 ). It appears that there has been strong pressure to conserve the organization of this operon, since it has been identified in at least six diverse bacterial species, including Listeria monocytogenes, Lactococcus lactis, Bacillus subtilis, Haemophilus influenza, Rickettsia prowazekii, and Myxococcus xanthus (49, 50) , and was thought to possibly be universally conserved (26) .
Very little is known about the proteins involved in DNA replication in mycobacteria, and there have been no well-characterized conditional-lethal mycobacterial DNA replication mutants. It is extremely difficult to obtain temperature-sensitive mutants in mycobacteria, which are essential to study processes such as DNA replication and cell division. In this study, we describe conditional-lethal M. smegmatis mutants in dnaG and the novel organization of the dnaG locus of M. smegmatis, which is apparently conserved in slow-and fast-growing mycobacteria. Interestingly, these data show the physiological consequences of a defect in DNA replication in M. smegmatis as well as the novel organization of the macromolecular synthesis operon in mycobacteria. The fact that the mycobacteria have a different organization of the genes comprising the dnaG locus suggests that they exhibit a significant departure from the way other bacteria coordinate the synthesis of their macromolecules. 2 155 cosmid library (a kind gift from W. R. Jacobs, Jr.) is similar to others previously described (17, 18, 35, 39) . This library contains genomic DNA fragments approximately 30 kb in size cloned into the E. coli-mycobacterial shuttle cosmid vector pYUB415 (encoding carbenicillin resistance and hygromycin resistance).
Complementation and subcloning of the mutants. Mapping of all 10 complementing cosmids showed that they contain three PvuII fragments (4.2, 1.8, and 0.6 kb) in common (Fig. 2) , although other restriction fragments are not shared among subsets of the cosmids, so it was not possible to position the cosmids with respect to each other. The insert DNA in pAEB205 was isolated and used as a probe against a PvuII digest of all 10 cosmids and M. smegmatis chromosomal DNA, which indicated that some of these cosmids appeared to have undergone rearrangements; however, the hybridization patterns of pAEB205 and the M. smegmatis chromosome are very similar, suggesting that pAEB205 is not rearranged (data not shown).
To facilitate further mapping of the complementing region, cosmid pAEB205 was partially digested with Sau3AI, and 7-to 12-kb fragments were inserted into the shuttle vector pMD30 (13) . Approximately 200 recombinant clones were screened by hybridization with the 4.2-kb PvuII fragment common to all the complementing cosmids, and 10 positively hybridizing plasmids, each of which was found to contain at least two of the three common PvuII fragments, were identified (Fig. 2B) (38) .
DNA hybridization. M. smegmatis genomic DNA was prepared by a method that was similar to those previously described (22) . Southern hybridizations were performed following the transfer of DNA to a Nytran Plus membrane (Schleicher & Schuell). DNA labeling and detection were performed by the Genius system (Boehringer Mannheim).
DNA sequencing and analysis. A 5,168-bp fragment from subclone 15 was sequenced with a redundancy of 8 with a Perkin-Elmer ABI Prism 377 automated sequencer. Samples were prepared for cycle sequencing according to the manufacturer's instructions. Plasmids for sequencing were prepared by standard procedures with DNase I digestions generating several hundred 1-to 3-kb constructs which were ligated to the pBluescript KS vector and sequenced with forward and reverse primers as well as with sequence-specific primers. GϩC content was determined to be 67% for this region. The sequence was compiled by the Sequencher program (Gene Codes Corp., Ann Arbor, Mich.) with a Power MacIntosh 7100/66. Analyseq, Genemark, Beauty, and the Genetics Computer Group, University of Wisconsin package were all used in sequence analysis (14, 11, 45, 55) . The mutation in SMEG 1, SMEG 15, SMEG 21, and SMEG 23 was determined by sequencing 1-to 2-kb regions of PCR-amplified genomic DNA. Four sets of primers were used, and multiple PCRs were sequenced to verify the fidelity of the thermostable polymerase. The primers used for amplification and sequencing were p1, 5Ј GTCCACCACCAACGTGC 3Ј; pA, 5Ј CGCGTGGTCATCGAC 3Ј; pC, 5Ј CGTTGACCAGGTTGG 3Ј; pall3, 5Ј GC GCGCGCCATATGGTATCCACGAGGTCG 3Ј; pall4, 5Ј GCGCGGATCCC AACGGCACAACAGTGTCAC 3Ј; p22, 5Ј TGA CCGTCGAGAGCTTCAC 3Ј; and p23, 5Ј GTCAACGGCACAACAGTG 3Ј.
Nucleotide sequence accession number. The sequence of the dnaG gene has been deposited in GenBank under accession no. AF 027507.
RESULTS
Isolation and identification of temperature-sensitive M. smegmatis mutants. Temperature-sensitive mutants of M. smegmatis were isolated by exposing cultures to UV radiation as described in Materials and Methods. The cultures were allowed to recover and were then incubated on plates at the permissive temperature of 30°C for 3 days. The colonies were patched in duplicate and incubated at 30°C as well as at the nonpermissive temperature of 42°C. Cells which failed to grow at 42°C were cultured at 30°C and further analyzed. Twentyfour mutants were isolated in this manner. The mutants were determined to be sensitive to infection by the mycobacteriophages TM4, D29, and L5 (data not shown). Four mutants, SMEG 1, SMEG 15, SMEG 21, and SMEG 23, were selected for further characterization based on their phenotypic properties at the nonpermissive temperature, although they are extremely similar and are probably siblings (see below).
Physical characterization of SMEG 1. Samples of mc 2 155 and SMEG 1 cells were subjected to acid-fast staining after growth at the permissive and nonpermissive temperatures and were analyzed by light microscopy. Cultures were grown overnight at 30°C to an OD 600 of 1.0 and were then divided; half the culture was incubated at 30°C, and the remainder was incubated at 42°C. Aliquots of 0.1 ml were taken at 2-h intervals from each culture, and bacteria were acid-fast stained and analyzed for any changes in size or shape of the individual cells by light microscopy. Mutant SMEG 1 and mc 2 155 cells taken from cultures incubated at the permissive temperature were indistinguishable at all time points. Additionally, there were no obvious differences detected in cultures incubated at the nonpermissive temperature until after 6 h of incubation, when the SMEG 1 mutant cells appeared elongated and filamentous ( Fig. 1) . These mutant cells appeared to average 2 to 3 times the length of the wild-type cells, which is generally 2 to 3 m (20). SMEG 1 and mc 2 155 cells were stained with a DNA-specific dye, DAPI. This stain revealed the diffuse, irregular nature of the nucleoid structures in the SMEG 1 cells after incubation at 42°C for 6 h, while the SMEG 1 cells (as well as the mc 2 155 cells at both temperatures) at the permissive temperature had more distinct, condensed nucleiods (Fig. 1) . The mutant phenotype of SMEG 1 is reminiscent of the parB and dnaG2903 mutants of E. coli described by Wada and Yura (52) and Grompe et al. (14) which arise from amino acid substitutions in 
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the carboxy terminus of DNA primase and exhibit abnormal nucleiod formation. The appearance of the filamentous phenotype in SMEG 1 was concomitant with the strain's inability to recover when it was returned to the permissive temperature (data not shown). SMEG 1 is able to recover when it is incubated at 42°C for up to 6 h and is then allowed to recover at 30°C on plates for 24 h. After an incubation of 6. Fig. 2A) . One of these cosmids, pAEB205, was reintroduced into SMEG 23 and shown to complement with a 100% frequency. Cosmid DNAs were similarly recovered from SMEG 1, SMEG 15, and SMEG 21 and were shown to cross-complement all of these mutants, indicating that these are sibling derivatives or that they contain closely linked mutations. We were also able to isolate complementing cosmids from a library containing DNA from M. bovis BCG, and five such cosmids complement all of these mutants.
The dnaG gene of M. smegmatis complements SMEG 1. The complementing gene present on the cosmid DNAs was identified by constructing a series of subclones containing smaller segments of DNA (Fig. 2) . Two subclones, pAEB208 and pAK30, containing 5.1-and 2.2-kb fragments, respectively, define the minimal DNA segment able to complement SMEG 1. A 5,168-bp segment of M. smegmatis DNA derived from pAEB205 was sequenced, and five open reading frames, only one of which is present in both the pAEB208 and pAK30 subclones, were identified (Fig. 2C) . This 1,908-bp open reading frame is predicted to encode a 636-amino-acid protein (69.8 kDa). Comparison of this protein sequence with the protein databases revealed that it is closely related to bacterial DNA primases encoded by dnaG genes; these searches also identified the dnaG homologs of M. tuberculosis and M. leprae There are several highly conserved motifs and functional domains in bacterial primases, one of which is the distinctive zinc finger catalytic domain, which lies in the N terminus of the protein (16, 46) . This region, as well as the bacterial dnaG signature sequence and the RNA polymerase large-subunit motif, is conserved in the M. smegmatis primase (33, 49) . A partial alignment of the conserved primase domains, shown in Fig. 4 , includes the primases from E. coli (GenBank no. J01687) and B. subtilis (GenBank no. M10040) for comparison.
Identification of the mutant allele in SMEG 1. Since the M. smegmatis dnaG gene complements SMEG 1, SMEG 15, SMEG 21, and SMEG 23, it is likely that the temperaturesensitive phenotype of these mutants is a manifestation of a mutation in their dnaG genes. This possibility was confirmed by PCR amplification of a DNA segment containing dnaG from the chromosome of SMEG 1 and determination of its DNA sequence. The only departure from the wild-type sequence is a G to C change at base pair position 1488, resulting in a substitution of a proline for an alanine residue at amino acid 496. The same change was also identified in SMEG 15, SMEG 21, and SMEG 23, and these four mutants are probably siblings. We conclude that these mutants are temperaturesensitive due to mutations within the dnaG gene that result in a thermolabile DNA primase.
Organization of the dnaG locus in M. smegmatis. Since dnaG is usually located within the macromolecular synthesis operon of bacteria, we examined the flanking DNA to determine the organization of this locus in M. smegmatis (Fig. 3) . This analysis indicated that the M. smegmatis dnaG gene is most likely encoded in an operon with at least one other gene and is organized quite differently from other bacterial macromolecular synthesis operons. The first gene in the operon (ORF2) is located immediately upstream of dnaG, with 53 bp between the stop codon of ORF2 and the start codon of dnaG. Database searching indicated that the putative 428-residue protein product of ORF2 is related to the dGTPase of E. coli (GenBank no. M29995), with an overall identity of 26% and closest similarity at their N termini (Fig. 4) . In the Enterobacteriaceae, this enzyme has been shown to be unique in its specificity for dGTP; it catalyzes the reaction dGTP3deoxyguanosine ϩ PPP i . While the physiological role for this enzyme (which is encoded by the dgt gene) is not known, Quirk and Bessman (37) have noted that the enzyme activity appears to be confined to members of the Enterobacteriaceae and did not detect dGTPase activity in extracts of M. smegmatis. Although we cannot rule out the possibility that the M. smegmatis dgt gene is not expressed (or is defective), the observation that M. tuberculosis and M. leprae contain similar dgt genes (see below) suggests that the mycobacteria do encode functional dGTPases. The partial open reading frame (ORF1), upstream of the M. smegmatis dgt gene, is transcribed in the opposite direction to dgt and is of unknown function. Presumably, the signals for expression of both ORF1 and dgt (and probably dnaG) lie within the 59-bp intergenic region between the start codons for ORF1 and dgt.
ORF4 has no significant similarity to any proteins in the database. ORF4 is predicted to encode a small protein of 102 amino acids and is transcribed in the same direction as dgt and dnaG. However, there is a space of 93 bp between dnaG and ORF4 such that ORF4 could be expressed from signals immediately upstream rather than as part of the putative dgt-dnaG operon (Fig. 3) . Downstream of ORF4 there is a tRNA Asn gene, which is of interest in that it is similar to one of the tRNAs encoded by mycobacteriophage L5 (15) . There is 68% identity between the L5 tRNA Asn The last open reading frame identified, the partial ORF5, lies downstream of the tRNA Asn gene (Fig. 3) . The search program Beauty (55) revealed that ORF5 has a small region of significant homology to a family of esterase or methyltransferase proteins. One of these proteins, DauP (GenBank no. L35154), is involved in athracycline biosynthesis; another, RdmC (GenBank no. U10405), is thought to be a methyltransferase from Streptomyces purpurascens (12, 34) . This sequence similarity (Fig. 4D ) seems significant, since a catalytic region, the serine hydrolase active site box G ⅐ S ⅐ G at positions 100 to 104, is conserved (40) . Residues 82 to 122 from ORF5 exhibit 42% identity and 53% similarity to RdmC from S. purpurascens. The alignment of this region (Fig. 4D ) also includes sequences from the esterase Est5 (GenBank no. D14529) from Pseudomonas sp. strain KWI-56 (40) .
Comparisons of the dnaG loci of M. smegmatis, M. tuberculosis, and M. leprae. In all prokaryotes that have been studied, the dnaG gene has been found to lie in an operon with rpsU and rpoD, constituting the macromolecular synthesis operon (49, 50) . Both B. subtilis and L. monocytogenes have been shown to lack the upstream rpsU, but the dnaG gene is flanked downstream by rpoD (27) . The characterization of the dnaG locus in M. smegmatis has revealed a novel arrangement in M. smegmatis as well as in M. tuberculosis (Myc DB cosmid Y98, GenBank no. Z83860) and M. leprae (Myc DB cosmid B1229, GenBank no. L78812) (3) and has allowed comparisons to be made between these loci as shown in Fig. 5 . The dnaG locus in M. tuberculosis is located between rrnA and recA near phlC, according to the placement of cosmid Y98 on the integrated map of the M. tuberculosis genome (36) . The regions immediately upstream and downstream of the dnaG gene are conserved between these three species and confirm the unique organization of this locus in mycobacteria. The rpsU gene from the macromolecular synthesis operon is replaced by dgt in these three species, whereas the rpoD gene has been replaced by the small ORF4, followed by the downstream tRNA Asn . It is important to note that these coding regions are highly conserved between the genomes of these three species. These observations support the hypothesis that even though these three species are rather distantly related (10), the organization and sequence of the genes determining the central macromolecular processes are highly conserved.
The organization of these genes in M. leprae appears to be similar to that in M. smegmatis and M. tuberculosis. However, translation of a full-length DnaG protein requires a frameshift at approximately codon 131, and it is not clear if M. leprae DnaG is expressed via a translational frameshift or if the gene could be nonfunctional; also, the possibility of sequencing errors cannot be ruled out. In addition, we note that the M. leprae 
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, and no open reading frames have been identified in the intergenic region.
DISCUSSION
The processes of DNA replication and cell division are not well characterized in mycobacteria. Through the characterization of these temperature-sensitive M. smegmatis mutants, the first well-studied DNA replication mutants in mycobacteria, the organization of the dnaG locus in mycobacteria as well as the linkage between cell division and DNA replication in these organisms has been determined. The defect in DNA replication was manifested in the lengthening of the cells at the nonpermissive temperature, indicating that without DNA replication, cell division cannot occur. The linkage of these processes seems obvious and has been characterized in many gram-negative organisms, but this relationship has not been previously observed in mycobacteria.
The abnormal nucleoid appearance indicates that in addition to the DNA replication defect, there may be a problem with chromosome partitioning in SMEG 1, a defect reported for both the parB and dnaG2903 mutants (14, 51, 52) . The dnaG2903 mutant was originally isolated by its temperaturesensitive resistance to phenethyl alcohol (14) . In E. coli, it is thought that phenethyl alcohol acts at the cell membrane to selectively inhibit the initiation of a new round of DNA replication without interfering with the completion of the ongoing cycle. The dnaG2903 mutant was shown to have a single mutation which was responsible for both the altered membrane property and the temperature-sensitive DNA replication phenotype. Interestingly, in a recent study (7) , the E. coli dnaG2903 and parB mutant phenotypes, which are conferred by identical amino acid substitutions in different positions in the extreme carboxy terminus (14) , have been shown to be suppressed by era mutants which effectively lower the amount of functional Era, an essential GTPase in E. coli. It is not clear how lowering the amount of wild-type Era or decreasing the functional capacity of Era can overcome the DNA replicationinduced cell division defect in these strains, but one possibility is that Era plays a role in cell division (7) . It should be noted that the exact role of the primase protein in chromosome partitioning is not known and that there could be a distinct role of primase in this process, or the partitioning defect in the mutants could be due to a secondary effect of perturbation of the DNA replication machinery.
A number of studies have indicated that the carboxy terminus of DnaG is not necessary for the synthesis of primer RNAs (pRNAs). Studies by Sun et al. (46) with proteolytic cleavage products of DnaG showed that the largest fragment, 47 kDa, contains the amino-terminal region of the protein, which exhibits the pRNA synthetic activity of the intact primase in the G4oriC/SSB/primase pRNA synthesis system. However, Sun et al. (46) also showed that the carboxy terminus of primase, a region predicted to stretch from amino acids 398 to 422 to the end of the protein, residue 581 in E. coli, is required for the synthesis of full-length pRNA molecules. These findings suggest that the C terminus of DnaG is needed for processivity or regulation of primase activity. Additional studies by Tougu et al. (47) suggest that a region of the carboxy domain of DnaG interacts with the DnaB helicase at the replication fork. Recent findings by Versalovic and Lupski (51) also indicate that an intact DnaG carboxy terminus is not essential for primase activity; however, it may be necessary for interactions with other DNA replication proteins, such as DnaB, as well as for cell cycle regulatory factors or for the chromosome segregation apparatus (7, 51) . The chromosome partitioning defect seen in the parB and dnaG2903 mutants, and now in the M. smegmatis dnaG mutants, further suggests that there may be some essential role provided by primase which links the processes of DNA replication and chromosome partitioning.
The novel organization of this locus in mycobacteria is an indication that there are different regulatory mechanisms for the synthesis of macromolecules in these bacteria. However, the similarity between the dnaG operons of M. smegmatis, M. tuberculosis, and M. leprae suggests that these do not obviously contribute to the differences in the growth rates of these mycobacteria. It seems likely that other bacteria may also depart from the typical macromolecular synthesis operon structure, and we note that Methanococcus jannaschii does not appear to encode a DnaG homolog at all (8) . We also note that many of the organisms for which macromolecular synthesis operons have been described are gram-negative enteric organisms and that this conservation might simply reflect their close evolutionary relationship.
It has been hypothesized that mycobacterial genomes are made up of distinct, small regions of DNA conserved between the genomes of mycobacterial species which are flanked by long segments of dissimilar DNAs (36) . This mosaic arrangement shows the pressure to conserve small segments of DNA which encode essential functions, while there is a high tolerance for varying arrangements of other coding regions. Through the further characterization of mycobacterial DNA replication mutants, especially strains of the slow growers such as M. bovis BCG, these processes may be directly observed and their regulation may be elucidated.
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